ABSTRACT
homeostasis, which in turn could increase NO production by NOS [8] . The precise mechanisms involved in hypoxia-induced impairment in contractile performance are incompletely understood, but oxidative and nitrosative stress could be at play [1, 9] . Skeletal muscles are composed of fibres of different types, each type being identified by the isoform of myosin heavy chain which is expressed as slow1, fast 2A, fast 2X, and fast 2B. Slow fibres are resistant to fatigue due to their highly oxidative metabolism whereas 2X and 2B fibres are easily fatiguable and fast 2A fibres exhibit intermediate fatigue resistance [10] . Slow fibres and fast fibres are present in equal proportions in the adult human diaphragm while intercostal muscles contain a higher proportion of fast fibres. A small fibre size, abundance of capillaries, and a high aerobic oxidative enzyme activity are typical features of diaphragm fibres and give them the resistance to fatigue required by their continuous activity. Because of their fibre composition, intercostal muscles are less resistant to fatigue. The structural and functional characteristics of respiratory muscle fibres are not fixed, however, and can be modified in response to several physiological and pathological conditions such as training (adaptation to changes in respiratory load), adaptation to hypoxia, age related changes, and changes associated with respiratory diseases [10] . Dysfunction of these muscles negatively influences patient's functional status and exercise tolerance, health care utilization and possibly survival [11] . Aging is accompanied by a progressive loss of skeletal muscle mass and strength, leading to the loss of functional capacity and an increased risk of developing chronic metabolic disease [12, 13] . Sarcopenia, the loss of muscle mass and strength with age, is becoming recognized as a major cause of disability and morbidity in the elderly population. Sarcopenia is part of normal aging and does not require a disease to occur, although muscle wasting is accelerated by chronic diseases.
Sarcopenia is thought to have multiple causes, although the relative importance of each is not clear. Neurological, metabolic, hormonal, nutritional, and physical-activityrelated changes with age are likely to contribute to the loss of muscle mass [14] . OXIDATIVE damage to cellular macromolecules has long been implicated in the aging process. 
MATERIALS & METHODS
The experiment was conducted in the Animal House of Faculty of Medicine, Cairo University.
Experimental animals:
20male albino rats, 10 adult group (8mo) with a mean body weight of 140± 8 g and 10old group (24mo) with a mean body weight of 322 ± 10 g were used in this study. There was no significant difference in the body mass index among groups. They were kept in the animal house of Kasr AlAini Faculty of Medicine, Cairo University. The rats had free access to standard rat chow and water. They were kept at 22± 1ºC temperature at 12 h dark-light cycles.
Animal Preparation
The rats were anesthetized with pentobarbital sodium (70 mg/kg body wt ip). The diaphragm and adherent lower ribs were quickly excised after a combined thoracotomy and laparotomy and were immediately submersed in cooled oxygenated (95% O 2 and 5% CO 2 ) Krebs solution at pH 7.40. This Krebs solution consisted of 137 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1 mM KH 2 PO 4 , 24 mM NaHCO 3 , 7 mM glucose. From the central costal region of the hemidiaphragm a muscle strip was dissected along the parallel axis of the muscle fibers. Silk sutures were tied firmly to both ends of the muscle strip.
Contractile Measurements: Effect of hyperoxia:
The effect of hyperoxia on contractility, nitrotyrosine formation, and tissue MDA level were determined. The strips (no. of muscle strips =10 from each group) were mounted vertically in tissue baths containing Krebs solution bubbled with 95% O 2 -5% CO 2 with a pH of 7.4. Temperature of the solution was maintained at 37°C. The muscle was stimulated directly by using platinum plate electrodes placed in close apposition of the bundle. Stimuli were applied with a pulse duration of 0.2 ms and train duration of 400 ms. Muscle preload force was adjusted until optimal fiber length (L o ) for maximal twitch force (P t ) was achieved.
After 10 min of thermoequilibration, baseline measurements were determined: After 60 min of hyperoxia, force was measured at 1, 15, 30, and 100 Hz (P 1 , P 15 , P 30 , and P 100 , respectively) at 2-min intervals. Isometric force was measured with a high-sensitivity force transducer, and force records were collected and stored on the hard drive of a computer for later data analysis. Data analysis was performed off-line with use of manually controlled cursors for measurement of peak force of contraction. Subsequently bundles were blotted dry, quickly frozen in liquid nitrogen, and stored at -80°C.
Effects of hypoxia.
The effect of hypoxia on contractility, nitrotyrosine formation, and tissue MDA level were determined.
After an initial measurement of force-frequency characteristics, the Krebs solution was replaced by fresh standard Krebs solution, and the gas mixture was maintained 95% N 2 and 5% CO 2 (hypoxia, n = 10 for each group). After 60 min, the force-frequency relationship was remeasured, and subsequently bundles were blotted dry, quickly frozen in liquid nitrogen, and stored at -80°C.
Biochemical measurements:
Diaphragm bundles were divided into two parts. The first part was stored in lysis buffer for detection of nitrotyrosine residues. The second part was put in phosphate buffer saline for MDA assay and both were stored at -80˚C till the assay. Figure 1 shows the effect of 60min hyperoxia and hypoxia on force of contraction of the rat diaphragm from young and old rats under 30 Hz frequency of stimulation. It was apparent that the hypoxia reduces the force of contraction in both young and aged rats. In addition the force of contraction in old rat diaphragm was less than that in the young.
RESULTS

Contractile Studies
Hypoxia in young adult rat diaphragm
The peak force of contractions under hyperoxic condition averaged 7.3 ± 0.3, 11.9 ± 0.3, 15.1 ± 0.6, and 16.2 ± 0.3 g/cm 2 at 1,15,30 and 100Hz of stimulation frequency, respectively. The force-frequency relationship was significantly different between hypoxia and hyperoxia (P = 0.005, except for the initial P = 0.013). Hypoxia resulted in a significant downward shift of the force-frequency compared with hyperoxia (table 1). 
Hypoxia in old rat diaphragm:
The force-frequency relationship was significantly reduced under hypoxic conditions (P = 0.005 ) and averaged 6.8 ± 0.4, 9.7 ± 0.4, 11.8 ± 0.3, and 12.5 ± 0.4 g/cm 2 for 1,15,30 and 100Hz of stimulation respectively after 60min of hyperoxia. (table 2) Hyperoxia 6.8 ± 0 .4 9.7 ± 0.4 11.8 ± 0.3 12.5 ± 0.4 Hypoxia 3.4 ± 0.1* 3.8 ± 0.1* 4.4 ± 0.1* 4.8 ± 0.2* * = Statistically significant difference between the effect of hypoxia and hyperoxia with the same frequency of stimulation (P =0.005)
The figures 2&3 would be studied to investigate the differential response of the contractility of the diaphragm to hyperoxia and hypoxia between young and old rats. They showed the differences between the peak force of contraction in young and old rats under hyperoxic and hypoxic conditions respectively.
There were significant differences between the contractile response of the diaphragm of the young and old rats (p =0.005, < 0.001, < 0.001, < 0.001) for the frequencies 1,15,30 &100 respectively, under hyperoxic conditions. The peak force of contraction was significantly reduced in the old rat diaphragm under all frequencies used compared with that of the young, specially more prominent with the higher frequencies (Fig. 2) . In addition, there were significant differences between the contractile response of the diaphragm of the young and old rats (p < 0.001) for all frequencies used under hypoxic conditions. It was apparent that the peak force of contraction was significantly reduced in the old rat diaphragm under all frequencies used as compared with that of the young, specially more prominent with the higher frequencies (Fig. 3) . Furthermore, the force frequency curve for the old rat diaphragm under hypoxic conditions appeared slowly rising curve. 
Nitrotyrosine Formation and Lipid peroxidation in the Rat Diaphragm
Hypoxia significantly increased diaphragm nitrotyrosine level (P < 0.005) in the young as well as in the old rats diaphragm.
Malondialdehyde (MDA) was used as a marker for lipid peroxidation. It was significantly lincreased (P < 0.005)in the rat diaphragm of both groups after 60 min of hypoxia. (table 3 and 4) .These results were signifying oxidative stress as a result of hypoxia. Figure 4 demonstrated that the rise in nitrotyrosine in the groupII was significantly higher when compared with group I under hyperoxic and hypoxic condition (P < 0.001). This was also the case for MDA, where it was significantly higher in the old rat diaphragm compared with that of the young(P < 0.001) under both hyperoxic and hypoxic conditions. In fact the aged rat diaphragm apparently more susceptible to the oxidative damage than the young as the percentage of rise in both nitrotyrosine and MDA in the group II under hypoxic condition is more than group I. 
DISCUSSION
The severity of hypoxia used in the present work is considered as severe hypoxia, according to previous studies using the same model The present study showed that hypoxia tends to reduce in vitro force generation of the young rat diaphragm. This is in agreement with several studies which showed that hypoxia impairs diaphragm muscle function [1, 22] . Also, it was found that hypoxia depresses isotonic contractile properties and power output, and reduces endurance time during repeated isotonic contractions [23] . The precise mechanisms of hypoxiainduced impairment in muscle contractility are unknown. Several recent studies indicate that free radicals may be at play [1] . It has been shown that, skeletal muscles produce reactive oxygen and nitrogen species including superoxide and nitric oxide at low levels under resting conditions and at higher levels during contractile activity [24, 25] . The reaction of superoxide and nitric oxide form peroxynitrite, a highly reactive molecule that can covalently modify cysteine and tyrosine residues [19] . In this study, we focused on nitrotyrosine, a stable product of peroxynitrite-induced tyrosine nitration that was monitored using an antibody that recognized this posttranslation modification.
Our data showed that acute hypoxia increases diaphragm muscle nitrotyrosine level. These finding indicated that there is elevated generation of NO and/or superoxide which enhance peroxynitrite formation. The previous data are supported also by the presence of significantly higher MDA in hypoxic adult rat diaphragm as compared with that under hyperoxia.
That results were in agreement with many previous studies on skeletal and cardiac myocytes [1,5,26,27] . Duranteau et al.
[26] showed that the generation of oxidants in cardiomyocytes is increased, depending on the degree of hypoxia: the lower the PO 2 , the higher the oxidant generation. In addition, antioxidants reduce fatigability of the rat diaphragm under hypoxic conditions, indicating that reactive oxygen species affect force generation under hypoxic conditions [1] . Little is known about the effects of acute hypoxia on NOS regulation or the rate of NO generation in skeletal muscle.
Javeshghani and coworkers
[27] found that sixty days of hypobaric hypoxia increases eNOS and nNOS expression and activity in rat diaphragm muscle, but prolonged (9 months) exposure decreased NOS activity and expression.
In addition, Ottenheijm et al [5] found that nitrotyrosine levels were increased in hypoxic rat diaphragm muscles. They concluded that acute hypoxia induces dysfunction of skinned muscle fibers, reflecting contractile protein dysfunction. Also, these data indicate that reactive nitrogen species play a role in hypoxia-induced contractile protein dysfunction. concluded that the loss of optimal stoichiometry between these two key proteins critical for force production likely results in decreased force generation in the affected muscle. It has been shown in the present work the oxidant production is increased in aged diaphragm as indicated by the significantly raised MDA under hyperoxia as compared with that of the young. This is in agreement with many studies [24, 25] . Although some antioxidants are increased in aging muscle, the extent of increase is muscle-specific and not global to all enzymes [44] . Thus, the burden of defending against the increased load of free radicals may be greater than the compensatory change in antioxidants. Thus, the fundamental changes in cell redox status [45] [46] [47] , and the ability to remove free radicaldamaged proteins likely contribute to the age-related increase in oxidized proteins observed in this study. This is in accordance with many studies which suggested that protein nitration may contribute to underlying mechanisms in age-related functional decrement .
Thompson et al. [15] observed that, although myosin and actin were modified with 3-nitrotyrosine and 4-hydroxy-2-nonenal, the extent of chemical modification did not increase with age. So, Thompson and coworkers [15] suggested that the decline in force production with age was not due to the accumulation of these two specific markers of protein oxidation on the myofibrillar proteins. This was in contrast to the present study, as nitrotyrosine was found to be markedly elevated in the diaphragm muscles from old rats. These differences might be explained by the different muscles used in both studies. On the other hand ,our finding go with that of Ottenheijm et al.
[5] who revealed that hypoxia-induced rat diaphragm dysfunction was associated with elevated diaphragm muscle nitrotyrosine levels. Additionally, Fugere and coworkers
[52] observed a significant age-associated increase in nitrotyrosine-modified proteins. The modified proteins include the sarcoplasmic reticulum Ca +2 -ATPase, aconitase, ß-enolase, triosephosphate isomerase, and carbonic anhydrase III. These proteins, involved in metabolism and calcium homeostasis, exhibited an age-dependent increase in 3-NT content in both (type II) and (type I) muscles [52] .
Clinical Relevance
The adverse effects of hypoxia on respiratory muscle function are commonly recognized, but relatively little is known about the underlying pathophysiology. Recent studies have shown that oxidants play a prominent role in muscle physiology at different steps in excitation-contraction coupling. Recent studies indicate that oxygen free radical scavengers improve muscle endurance under hypoxic conditions. Whereas hypoxia may directly increase oxidant generation by the respiratory muscles, the hypoxia-induced elevated work of breathing will further enhance oxidant generation by the respiratory muscles. Further understanding of the role of oxidants in respiratory muscle function is needed to develop successful strategies for preventing hypoxia-induced respiratory muscle failure in aged population. 
